Semiconductor nanowires (NWs), i.e., elongated nanocrystals with a sub-micrometer diameter, are today a topic of intense research, motivated by their numerous applications (e.g., light emitting diodes 1 , photodetectors 2 , solar cells 3 , and other energy harvesters [4] [5] [6] ). In particular, these nano-objects can respond to the current need in mechanically flexible devices such as wearable intelligent electronics, bendable light sources, flexible screens, etc 7, 8 . Semiconductor nanowires show remarkable mechanical properties 9 stemming from their small diameter, high aspect-ratio, and defect-free structure. They are indeed mechanically flexible and can stand high deformations without plastic relaxation.
Among different semiconductors, the nanomaterials possessing high piezoelectric coefficients, such as ZnO and III-nitrides, have attracted special attention for mechanical energy harvesting, force sensing and light emission with a piezoelectric control over the optical signal (so-called piezophototronic effects 10 ). The piezoelectric coefficients were shown to be enhanced in the nanowires with respect to the bulk counterparts. This size effect was both theoretically predicted 11 and experimentally demonstrated by atomic force microscopy (AFM) measurements 4,12 at a single nanowire scale. Thanks to these promising properties, nanowires embedded in a dielectric matrix represent a unique piezoelectric composite medium, which can be used as an active layer in piezoelectric generators for mechanical to electrical energy conversion. For macroscopic piezogenerators based on dielectric-embedded nanowires, a power output of 2.7 mW/cm 3 and 12.7 mW/cm 3 was reported for ZnO 13 and GaN 14 nanowires, respectively. Despite these encouraging results, there is still a lack of accurate understanding of the deformation and subsequent piezogeneration created inside the 1D-nanostructures in a macroscopic device, which hinders the optimization of the piezogenerator efficiency. One of the main reasons lies in the poor knowledge of the device mechanical characteristics, whereas for all applications requiring mechanical flexibility, and especially for piezogenerators, the knowledge of elastic properties of the nanowire/dielectric composite medium is important.
Although there is a large number of works devoted to nanowire piezogenerators 5,13,14 , there has been much less research addressing the elastic properties of the active layer of these devices. Several investigations of mechanical properties were done on free-standing single nanowires, piezoelectric 15, 16 or not 17, 18 . Namely, Young modulus of single GaN nanowires was measured using electromechanical resonance analysis in a transmission electron microscope.
In particular, it has been shown that the Young modulus is strongly different in the NW case with respect to the bulk material. However, for the device operation, it is important to consider not only free-standing nanowires but also the surrounding material. The elastic properties of a nanowire array embedded into a dielectric matrix have not been analyzed yet.
To quantitatively measure nanoscale deformation of such a device and to analyse precisely this deformation in terms of elastic constants and wave's velocities, we need to develop a appropriated methodology. illustrates its structure. Cr thin films are used only as an adhesion layer and its thickness is 5 nm. A reference sample without active NWs was also fabricated. It has the same structure as the piezogenerator, but the HSQ-NW layer is replaced by a pure HSQ layer.
For the same spin-coating procedure, the thickness of a bare HSQ layer was smaller (250 nm), which was taken into account in the modeling. light pulses produce interference fringes with a period of Λ. As a consequence of photoelastic processes, elastic GW with the wavelength Λ are excited at certain frequencies f = Ω/2π
conditioned by the dispersion properties of the laminate waveguide structure of the sample shown in Fig. 1(c) . The wavelength Λ can be easily tuned by setting the angle between the two incident beams via adjusting of lenses focal lengths. The detection of elastic waves is made using a heterodyne scheme. This involves two continuous laser beams (the probe and the reference beams, wavelength=532 nm) with an optical angular frequency ω issued from the same diffractive optical element as the IR pulses both incident on the sample. The GW. They correspond to the first SAW modes: the Rayleigh and Sezawa modes.
To simulate the frequency spectra of the generated SAWs, we use the Greens matrix based solution described in Ref. 22, 23 . The components of the displacement vector u obey the elastodynamics equations
The elastic stiffness tensor C ijkl and the density ρ are piecewise constant functions of the transverse coordinate z, thereby keeping constant values within the sublayers of thickness h m , m = 1,. . . , M . The bottom substrate is a half-space (h M = ∞). The outer surface z = 0 is stress free, except within the loading region D:
and the sublayers are perfectly bonded with each other. Here τ = {τ xz , τ yz , σ z } is a traction vector at a horizontal surface area z = const; q is a given load simulating the action of the laser beam generating SAWs.
The solution to this boundary value problem is obtained in terms of the Green's matrix k(x) and the vector of load q applied to a surface area D, or equivalently, via their Fourier
Here F xy is the Fourier transform with respect to x and y variables; the Fourier parameters α 1 and α 2 play the role of wavenumbers for the waves propagating along the (x, y) surface.
The residues from the poles ζ n of the matrix K elements describe traveling SAWs generated by the source load q. The element K 33 of the matrix K specifies the vertical displacement response of the multilayered substructure on a normal elementary loading. With the laser generation and measurements it is sufficient to use only this element, i.e., in the Fourier symbols, to restrict ourselves to the relation U 3 = K 33 Q 3 . For SAW propagating along the x axis (α 2 = 0), the characteristic equation that relates the wavelength Λ = 2π/α 1 with frequency f can be written in the form
With a fixed wavelength Λ, the roots of this equation f n are the frequencies of SAW modes, which should coincide with the TGM measured frequencies of samples resonance response, e.g., peak frequencies in Fig. 3 . With a fixed frequency f , the roots yield the SAW wavenumbers ζ n = 2π/Λ n and, correspondingly, their phase velocities c n = Ω/ζ n or inverse to them slownesses s n = ζ n /Ω. For independent reproducing of the numerical results below, one can use the algorithm of matrix K calculation for a multilayered elastic structure of arbitrary anisotropy, which is exhaustively described in Ref. 22 .
Accordingly, to obtain the effective moduli of the sample by varying the parameters of the multilayered model to fit the calculated SAW dispersion characteristics to the experimental points, we use the cost function of the following form:
The required effective parameters (the matrix of elastic moduli C, the density ρ and the thickness h of each sublayer) should minimize this function. To search for min F , various approaches can be used, for example, a popular now genetic algorithm. In our case, the method of coordinatewise minimization starting from physically expected initial values has proved itself well.
We applied this method to the reference (Fig. 4) and the HSQ-NW (Fig. 5) samples .
The colored level-line plot in Fig. 4 (a) depicts a surface plot of |K 33 | as a function of the wavelength Λ = 2π/α 1 in the x-direction (α 2 = 0) and frequency f for the HSQ reference sample. The areas of K 33 maximal amplitudes correspond to the parameters of the dominant SAWs. They yield those peaks in the frequency spectra that are detected in the experimental measurements for fixed wavelength Λ for both the reference and the HSQ-NW samples (see Fig. 3 ). In Figures 4 and 5, these experimentally obtained peak points are shown by dots.
The ridges of K 33 amplitude go along the lines specified by its real and nearly real poles α 1 = ζ n (f ) that determine the dispersion characteristics of the generated traveling SAWs and leaky guided waves; viz., the SAWs phase velocities are c n = Ω/ζ n while the inverse to their slownesses are s n = ζ n /Ω. The latter more conveniently allows analyzing the SAWs dispersion properties, since, in contrast with the phase velocity curves, their magnitudes vary in a limited range specified by the frequency-independent body-wave slownesses shown in Fig. 4 (b) and Fig. 5 by horizontal dashed lines. They are indicated by the symbols P 1, P 2, P 3, and S1, S2, S3, which relate to longitudinal and transversal (P and S) bulk waves propagating in the x-direction in each of the sublayers numbered from top to bottom.
To obtain the effective moduli of the HSQ interlayer, its material parameters, which are used as an input for the code calculating and the related material constants: C ij , Young moduli E xy and E z , shear modulus µ z and
Poisson's ratios ν xy and ν z . As seen from Table I, quantify the response of the device to an external force. In particular, the ability of the generator to respond to small solicitations critically depends on its Young modulus, which should be determined in order to build a reliable model of the piezogenerator. We compare the Young moduli extracted using our TGM method with the experimental data available from the literature for GaN and HSQ. Concerning HSQ, the Young modulus (and C ij ) depends on its degree of polymerization, which is a function of its annealing temperature 24 and time 25 . Between 350 and 460C, the deformation of the HSQ layer due to the various stresses decreases as the annealing temperature increases, although the stress in the layer due to its polymerization becomes stronger. It has been estimated that in this temperature range, the Young's modulus of the polymer increases from 2 GPa to 7 
